Arguably, one of the most common and consequential laboratory tests performed in the world is Mycobacterium tuberculosis susceptibility testing. M. tuberculosis resistance is defined by growth of >1% of a bacillary inoculum on the critical concentration of an antibiotic. The critical concentration was chosen based on inhibition of >95% of wild-type isolates. The critical concentration of isoniazid is either 0.2 or 1.0 mg/liter, that of rifampin is 1.0 mg/liter, that of pyrazinamide is 100 mg/liter, that of ethambutol is 5.0 mg/liter, and that of fluoroquinolones is 1.0 mg/liter. However, the relevance of these concentrations to microbiologic and clinical outcomes is unclear. Critical concentrations were identified using the ability to achieve the antibiotic area under the concentration-time curve/MIC ratio associated with >90% of maximal kill (EC 90 ) of M. tuberculosis in >90% of patients. Population pharmacokinetic parameters and their variability encountered in tuberculosis patients were utilized in Monte Carlo simulations to determine the probability that particular daily doses of the drugs would achieve or exceed the EC 90 in the epithelial lining fluid of 10,000 tuberculosis patients. Failure to achieve EC 90 in >90% of patients at a particular MIC was defined as drug resistance. The critical concentrations of moxifloxacin and ethambutol remained unchanged, but a critical concentration of 50 mg/liter was identified for pyrazinamide, 0.0312 mg/liter and 0.125 mg/liter were defined for low-and high-level isoniazid resistance, respectively, and 0.0625 mg/liter was defined for rifampin. Thus, current critical concentrations of first-line antituberculosis drugs are overoptimistic and should be set lower. With the proposed breakpoints, the rates of multidrug-resistant tuberculosis could become 4-fold higher than currently assumed.
Tuberculosis (TB) is an epic disease of mankind. When Mycobacterium tuberculosis is isolated from patients, susceptibility testing is recommended, and treatment should be altered if there is drug resistance. The results are also utilized to monitor the emergence of drug-resistant strains (4, 11) . The most widely used susceptibility tests classify isolates as either drug resistant or drug susceptible, based on their ability to grow in the presence of a "critical concentration" of the test drug. Based on a 1963 World Health Organization document, the critical concentration is defined as the lowest concentration of drug that inhibits Ն95% of wildtype strains of bacilli that have not been exposed to the drug but does not inhibit resistant strains isolated from patients not responding to therapy with the drug (11, 14) . Drug resistance is said to be present when Ն1% of the M. tuberculosis population grows in the presence of the critical concentration (11, 14) . Since 1963, the isoniazid critical concentrations have been set at 0.2 and 1.0 mg/liter, with that of rifampin at 1.0 mg/liter, that of pyrazinamide at 100 mg/ liter, and those of ethambutol at 5 mg/liter and 7.5 mg/liter in Middlebrook medium (11, 14) . The accuracy of these tests in predicting clinical failure is unclear. Moreover, population pharmacokinetics and antimicrobial pharmacokinetics-pharmacodynamics (PK/PD) have since been discovered and are now used to identify susceptibility breakpoints of many antibiotics (21, 23, 30, 58, 59, 62) .
In all human beings, sexual reproduction imposes genetic diversity; genetic diversity leads to polymorphisms of xenobiotic metabolism enzymes and, ultimately, to pharmacokinetic variability. In addition, measures of physique, such as weight, also lead to variability. This means that concentrations achieved by a particular drug dose will vary from patient to patient. For an antibiotic dose to effectively kill M. tuberculosis, it must, by definition, achieve a certain threshold exposure above the MIC at the site of infection. Given that TB is a global pandemic and afflicts patients from a wide genetic and anthropometric base, there is expected to be wide pharmacokinetic variability and, therefore, variable rates of achievement of concentrations above the MIC. Ideally, dose-ranging studies that measure concentrations achieved in patients versus the MIC of patient bacillary isolates would need to be performed to establish the critical concentrations for large populations of patients. Isolates with MICs that cannot be achieved or exceeded in most patients would then be deemed resistant to the drug. However, such formal dose-ranging studies are unlikely to be performed for each individual anti-TB drug as monotherapy. Antimicrobial PK/PD-derived exposure targets and their integration with population pharmacokinetics in Monte Carlo simulations offer a rational approach to this problem (3, 23, 30, 62) . In the current study, these methods were used to establish new critical concentrations of isoniazid, rifampin, pyrazinamide, ethambutol, and moxifloxacin.
MATERIALS AND METHODS
Outline. The steps taken to identify the critical concentrations of anti-TB drugs are shown in Fig. 1 . Each of the steps is explained in the following paragraphs.
Drug choice. Rifampin, isoniazid, pyrazinamide, and ethambutol were chosen because they constitute the first-line anti-TB drugs used in most of the world. Moxifloxacin, which is undergoing phase III clinical studies (10, 15, 29, 63) and will likely be included in the list of first-line agents, was also examined.
Definitions. The definitions used were a modification of those proposed by the Clinical and Laboratory Standards Institute (CLSI) (14) . Susceptible isolates are those inhibited by those critical concentrations that can be achieved at the site of infection by standard doses of the drug. Intermediate susceptibility is encountered when isolates can be inhibited by concentrations achieved by a drug dose higher than the standard dose, if such a dose can be tolerated. Resistant isolates are not inhibited by concentrations achieved by any tolerable drug doses.
For bacterial pneumonias, as is the case for TB, effective drug exposures at the site of infection are best reflected by concentrations in epithelial lining fluid (ELF) (21, 22, 31, 35) . The drug exposure pattern that best explains microbial kill of M. tuberculosis by rifampin, isoniazid, moxifloxacin, ethambutol, and pyrazinamide is the ratio of the area under the concentration-time curve from 0 to 24 h to the MIC (AUC 0-24 /MIC) (32-35, 38, 39, 56, 61) . Thus, the magnitude of the AUC 0-24 /MIC ratio in ELF will best predict microbial kill, based on the inhibitory sigmoid E max model. In this model, optimal kill is defined as Ն90% of maximal kill (EC 90 ). This ability to achieve EC 90 has been utilized to identify susceptibility breakpoints of antimicrobial agents used to treat other bacteria (8) . Given that the MIC is the denominator in the AUC 0-24 /MIC index, as the MIC increases, the exposure ratio will decrease. An MIC is eventually reached where exposure falls below the EC 90 in 10% or more of patients, and at this MIC the isolate is defined as resistant to the drug (8, 62) .
Pharmacokinetic-pharmacodynamic exposure targets. All antimicrobial PK/PD studies that examined M. tuberculosis and first-line drugs were examined. All studies that utilized models that had a pharmacokinetic system and measured the drug concentrations achieved were chosen if they had a true dose-effect experiment or had clearly identified the PK/PD exposure associated with optimal kill. Eight studies, three performed in mice and five in the hollow-fiber system, fulfilled these criteria (32-35, 38, 39, 56, 61) . For isoniazid, the EC 90 was an AUC 0-24 /MIC ratio of 567 in one study and 707 in another (34, 39) . The lower exposure was utilized in the current study. The EC 90 was an AUC 0-24 /MIC ratio of 1,360 for rifampin (38) , 209 for pyrazinamide at pH 5.8 (35), 56 for moxifloxacin (33) , and 119 for ethambutol (61) .
Monte Carlo simulations. Population pharmacokinetic studies that employed compartmental model analysis were examined. The pharmacokinetic parameter estimates and the ELF-to-plasma ratios from the studies are shown in Table 1 (16-19, 31, 40, 41, 52, 53, 60, 64, 65, 68) . These parameter estimates and their variances were incorporated into subroutine PRIOR of ADAPT 5 (25) . ELF drug protein binding was assumed to be negligible (41) . For a specified drug dose, the AUC 0-24 /MIC ratio will be affected most by variability in systemic clearance (SCL) and in the MIC, since AUC is directly proportional to dose/ SCL. Given this situation, Monte Carlo simulations were performed to identify the AUC 0-24 expected to be achieved in each of 10,000 virtual TB patients after administration of a specific dose. Both normal and log-normal distributions were examined, and the final distribution was chosen based on the best recapitulation of the original population pharmacokinetic data. At each MIC, the proportion of patients who achieved or exceeded the EC 90 AUC 0-24 /MIC ratio was determined. Failure to achieve the EC 90 at the particular MIC was defined as drug resistance. The highest MIC that allowed achievement of EC 90 in Ն90% of patients was defined as the breakpoint MIC. The critical concentration, which would be used in Middlebrook medium to indicate drug resistance, was then set at 1 tube dilution higher than the breakpoint MIC, assuming twofold dilutions of drug concentrations.
For pyrazinamide, SCL variability is also driven by weight (64) . Two in three adults in the United States are either obese or overweight, and their weight distributions have been published. In one set of Monte Carlo simulations, the weight distribution of people in the United States was used (45, 50) , such that SCL was increased by 0.545 liter h Ϫ1 for every 10-kg increase above 50 kg, based on the literature (64) . In another simulation, the population of TB patients encountered in South Africa, who had a typical weight of 48 kg, was examined (64) . VOL. 54, 2010 NEW SUSCEPTIBILITY BREAKPOINTS FOR ANTI-TB DRUGS 1485 than 2 g per day are not currently recommended because their toxicity is unknown. However, they may be associated with higher efficacy (35) .
The relationship between N-acetyltransferase 2 (NAT-2) and isoniazid acetylator status is well known. Indeed, 88% of all between-patient SCL variability is due to the number of high-activity NAT-2*4 alleles in patients (42) . Two sets of simulations were performed, the first with 100% fast-acetylator patients and the second in 100% slow-acetylator patients. The doses of 300, 600, and 900 mg recommended for the intensive and continuation phases of therapy were examined (6). For rifampin, SCL is most dramatically affected by autoinduction, and therefore two sets of simulations were performed for 600-, 900-, and 1,200-mg daily doses (6, 26, 31) , with one using preautoinduction parameters and the second using postautoinduction parameters. For moxifloxacin and ethambutol, no consistent covariate associated with SCL has been identified. In the simulations, daily moxifloxacin doses of 400, 600, and 800 mg a day were examined (33) . For ethambutol, the maximum recommended dose of ethambutol of 1,600 mg per day was examined in the simulations.
MIC range. Rifampin, isoniazid, and ethambutol MIC distributions were obtained from graphs published by Yamane et al., who examined 1,217 clinical M. tuberculosis isolates by using a Middlebrook broth microdilution method that had 98 to 99% concordance with CLSI methods (66) . The MIC distribution of moxifloxacin was based on a study by Rodriquez et al., who determined MICs for 243 clinical isolates of M. tuberculosis (54) . For pyrazinamide, the MIC distribution was based on studies by Salfinger and Heifets (37, 55) . Since pyrazinamide PK/PD studies were carried out in Middlebrook broth at pH 5.8 in our laboratory (35) and since the commercial Bactec Migit 960 PZA kit examines susceptibility in Middlebrook broth at pH 6.0 (by our measurement), the translation of MICs from 5.8 to 6.0 was made based on the Henderson-Hasselbalch relationship (67) .
RESULTS

Moxifloxacin.
When 400 mg of moxifloxacin per day was administered, the breakpoint MIC was 0.5 mg/liter (Fig. 2) . The critical concentration should thus be set at 1.0 mg/liter.
Pyrazinamide. The target attainment for pyrazinamide, assuming a typical weight of 48 kg in all patients, is shown in Fig.  3a . Based on this, the breakpoint MIC in patients receiving the standard 2 g a day was 37.5 mg/liter at pH 5.8 or 50 mg/liter at pH 6.0. Similarly, the breakpoint MIC for 3 g and 4 g was 50 mg/liter at pH 6.0, while that of the highest dose of 5 g was 100 mg/liter. This is the most optimistic scenario. When the SCL sampling distribution was adjusted to take patient weight into consideration, the breakpoint MIC (pH 6.0) fell to 25 mg/liter for a daily dose of 2 g and to 50 mg/liter for the rest of the doses (Fig. 3b) . The critical concentration should thus be set at 50 mg/liter at pH 6.0 for the standard dose and at 100 mg/liter if higher doses will be used in the future.
Isoniazid. For slow acetylators, the breakpoint MIC in patients receiving 300 mg a day was 0.0312 mg/liter, but it was 0.125 mg/liter for 900 mg a day, as shown in Fig. 4a . However, a population of 100% slow acetylators represents the best-case scenario in terms of high enough isoniazid exposures. As can be seen in Fig. 4b , the breakpoint MICs fell to 0.0156 mg/liter for 300 mg a day and to 0.0312 mg/liter for the higher doses when 100% fast acetylators were examined. Summation of target attainment probabilities indicated that for patient populations in which Ն10% of TB patients are fast acetylators, the breakpoints revert to those for 100% fast acetylators in patients treated with 300 to 600 mg a day. However, if 900 mg a day is administered, isolates with an MIC of 0.0625 mg/liter can be killed effectively in a population with up to 20% fast acetylators. Based on these data, the critical concentration would be 0.0312 mg/liter for low-level resistance and 0.125 mg/liter for high-level resistance.
Rifampin. For rifampin, the breakpoint MIC was only 0.0078 mg/liter for the standard dose and 0.0156 mg/liter for doses of 900 to 1,200 mg, using SCL values obtained prior to autoinduction (Fig. 5a ). Given this dramatic difference from current susceptibility breakpoints, the target exposure was lowered to an AUC 0-24 /MIC ratio of 665. This target exposure was recently used by Goutelle et al., based on the fact that it is associated with a kill of 1 log 10 CFU in mice, considered significant kill (31) . With this lower exposure target, there was only a doubling of the breakpoint MICs, to 0.0156 and 0.0312 mg/liter prior to autoinduction (Fig. 5b) . Use of SCL values obtained postinduction revealed even lower breakpoint MICs for the same dosing and target exposure circumstances, as shown in Fig. 5c and d. These data mean that in the most optimistic scenario, the rifampin critical concentration should be 0.0625 mg/liter, and even that only if rifampin doses higher than 600 mg are administered.
Ethambutol. The ethambutol breakpoint MIC was 2.0 mg/ liter at the highest dose of 1,600 mg a day (21 mg/kg/day), as shown in Fig. 6 . Therefore, the critical concentration should be 4.0 mg/liter. However, exposures able to kill at the so-called high-level resistance level of 7.5 mg/liter could not be achieved in 1/3 of patients, so this breakpoint should be discarded.
DISCUSSION
In 1963, Canetti et al. wisely noted that every culture of wild M. tuberculosis would contain a small proportion of resistant bacilli (11) . Restated using current language, every M. tuberculosis population is heterogeneous and contains a subpopulation of drug-resistant bacilli. They concluded that the difference between resistant and susceptible cultures was that the former had a larger proportion of resistant mutants, comprising at least 1% of the bacillary population. In order to capture this proportion of resistant mutants, certain "critical" drug concentrations were chosen. However, this approach is strictly a laboratory one; it is not designed to predict clinical outcomes. Effective drug concentrations that approximate the "critical concentrations" must be achieved in most TB patients if the laboratory test is to predict clinical outcome. Indeed, drug concentrations achieved in TB patients are important determinants of treatment response (13) . Therefore, population pharmacokinetics, especially the wide variability encountered in actual patients, must also be taken into consideration. Finally, since the intent of anti-TB chemotherapy is to kill the tubercle bacillus, the relationship between drug concentration at the site of infection and microbial kill or antimicrobial PK/PD properties must of necessity also be part of determining the breakpoint (2, 21) . When all these factors were taken into consideration, current critical concentrations for the three cornerstone anti-TB drugs were found to be overoptimistic for most TB patients treated with standard doses.
The most dramatic findings concerned isoniazid. Critical concentrations of 0.0312 mg/liter for low-level resistance and 0.125 mg/liter for high-level resistance were identified. The impact of the proposed change can be understood by examining the MIC distribution in Fig. 4 , where the modal isoniazid MIC for clinical isolates is 0.125 mg/liter, so that with the proposed breakpoints the proportion of isolates with high-level resistance would change from 20% with current standards to ϳ50% with the proposed critical concentrations. However, as can be seen from examining Fig. 4a , there are some circumstances, such as when slow acetylators are treated with higher doses, when concentrations achieved can kill organisms with an MIC of 0.125 mg/liter, or even of 0.2 mg/liter. This comports with clinical observations that some patients infected by isolates with so-called "low-level" isoniazid resistance will respond to high doses of isoniazid (48) . Nevertheless, this is a limited circumstance. If the proportion of fast-acetylator TB patients is Ն10%, which is the case in most of the world, based on the prevalence of NAT-2 alleles (5, 24, 43), a concentration of 0.2 mg/liter would be overoptimistic as well, and the critical concentration for low-level resistance should be 0.0625 mg/ liter. However, with the use of 900 mg a day, the critical concentration for high-level resistance is 0.125 mg/liter.
Rifampin results were as dramatic, with a critical concentration 16-fold lower than the current one of 1 mg/liter. Even when a lower AUC/MIC target exposure was used, the recalculated breakpoints were still low. Goutelle et al. recently performed population pharmacokinetic studies of patients with rifampin and examined the possibility that a rifampin dose of either 600 mg or 1,200 mg once daily could achieve the desired AUC 0-24 /MIC ratio with a 1.0-log 10 CFU reduction in lung bacillary burden (31) . Inspection of their graphs reveals that the breakpoint MICs would still be Ͻ0.01 mg/liter for doses up to 1,200 mg. Interestingly, even when they used the low AUC 0-24 /MIC ratio of 271 in plasma that is associated with a 1.0-log 10 CFU reduction in mouse lung bacillary burden, the breakpoint value would increase only to 0.1 mg/liter. Thus, even though Goutelle et al. performed their study with a dif- clinical isolates in the data set used here would be considered rifampin resistant, compared to 13.4% with the standard critical concentration of 1.0 mg/liter. Multidrug-resistant TB (MDR-TB) is defined as TB with simultaneous resistance to isoniazid and rifampin. With the proposed susceptibility breakpoints, the proportion of MDR-TB cases in most locales is expected to increase. As an illustration, based on multiplying resistance proportions as conditional probabilities, the frequency of MDR-TB would change from 2.4% with the old definitions to 10.0% with the new concentrations for the data set from Japan used here. The former estimate is very similar to the proportion of MDR-TB cases of 1.9% reported from Japan (4), suggesting that the latter estimate, derived from conditional probabilities and the proposed critical concentrations to estimate MDR-TB prevalence, may also be correct. It should be considered, however, that the rates will change based on the MIC distribution in each locale.
For pyrazinamide, the susceptibility breakpoints have been somewhat unclear, with some studies suggesting either 900 mg/liter or 1,200 mg/liter on agar, while commercial tests have employed a breakpoint of 100 mg/liter in Middlebrook broth (36) . The current study suggests that the susceptibility break- on June 20, 2017 by guest http://aac.asm.org/ point should be 50 mg/liter for a dose of 2 g a day, with 100 mg/liter applicable only to higher doses. Since the modal MIC is 50 mg/liter for the clinical isolates tested (Fig. 3) , the effect of the modest change from 100 to 50 mg/liter dramatically changes the proportion of pyrazinamide-resistant isolates, from about 19% to 57%. 8-Methoxyfluoroquinolones such as moxifloxacin have benefited from extensive antimicrobial PK/PD work and population pharmacokinetic analysis during their development. Therefore, it is not surprising that the susceptibility breakpoint, which was first chosen for M. tuberculosis based on breakpoints in other bacterial species which had undergone extensive antimicrobial PK/PD work, corresponds to the findings reported in this paper. Similar to the case for moxifloxacin, ethambutol critical concentrations were also close to currently used standards. If one were to use the 2-fold dilution of drug utilized with most susceptibility tests, the level should be set at 4.0 mg/liter. However, this is unlikely to change the proportion of ethambutol-resistant isolates encountered in the clinic. On the other hand, the so-called high-level resistance breakpoint of 7.5 mg/liter could not be achieved by a full 34% of patients treated with the maximum recommended ethambutol dose, so this should be dropped.
Our findings have several clinical implications, depending on the resources available for clinical care in an area. One approach would be to increase the doses of anti-TB drugs so that optimal concentrations can be achieved in TB lesions. Figures 2 to 5 demonstrate that this can be achieved, to a certain extent. Indeed, the need for higher doses for virtually all firstline anti-TB drugs has been demonstrated (7, 26, 28, 31, (33) (34) (35) . Unfortunately, for most of the first-line drugs, the chasm between drug exposures needed to optimally kill bacilli and those achieved in patients is too large to be bridged by dose increases without serious toxicity for the TB patients. Thus, the more realistic alternative would be to identify truly drug-resistant isolates and then use an alternative agent to replace the drug. As an example, clinical trials have demonstrated that moxifloxacin can replace either isoniazid or ethambutol, with no increase in therapy duration (10, 15, 29, 63) . Newer agents such as TMC207 can also be used for M. tuberculosis strains resistant to both isoniazid and rifampin (27) . Unfortunately, this would place a financial burden on resource-poor countries, which may end up resorting to more-toxic second-line alternatives. Indeed, even the laboratory changes needed for the proposed susceptibility breakpoints could also impose hardship on these countries. However, the treatment of TB patients in such countries should still rely on application of correct scientific information, and help for these countries should be directed at improving microbiology laboratories and therapeutic capacity.
Finally, using current resistance breakpoints, clinical cure rates for "drug-susceptible" TB vary by region, from about 60% to 95%, under directly observed therapy programs. However, the true success rate, when one examines studies of longterm morbidity and mortality as well as recurrence rates, is likely lower (20, 51, 57) . In addition, current therapy for TB consists of 3 or 4 of the first-line drugs, administered simultaneously, while susceptibility breakpoints apply to each of the particular drugs in the combination, not to the entire regimen. Thus, even when there is resistance to one drug, the other drugs may still be able to kill the resistant mutants. Indeed, even though it was suboptimal compared to the current regimen, when two-drug therapy was used in the past there was a relatively good clinical response (1, 9) . It is also known that the efficacies of nonantagonistic drugs in combination therapy will be at least additive, effectively "reducing" the MIC (49) . In addition, as can be seen in Fig. 2 to 6 , based on betweenpatient pharmacokinetic variability, some patients will still attain high enough concentrations of drug even when infected by a "resistant" organism and will still respond. Thus, the success rates of current therapy are more a composite outcome due to multiple drugs and processes. Nevertheless, if an isolate is truly resistant to an antibiotic, it is inappropriate to continue giving the drug, since this incurs increased toxicity risk without a therapeutic benefit. Therefore, an alternative drug should be given.
There are limitations to this study. First, imprecision of pharmacokinetic parameter estimates and antimicrobial PK/PD indices could lead to wrong susceptibility breakpoints. This would be a concern especially given the dramatic changes proposed for isoniazid and rifampin. Fortunately, both isoniazid and rifampin have undergone many good population pharmacokinetic studies as well as antimicrobial PK/PD work from two different disease models by two independent groups, which all showed broadly similar parameters (31, 32, 34, 38, 39, 42, 53, 65) . This means that the parameters used are accurate, and imprecision of parameter values would not account for the dramatic changes in susceptibility breakpoints. In addition, MacGowan and colleagues recently demonstrated, using moxifloxacin and 10 Staphylococcus aureus isolates, that there is actually a distribution in the AUC 0-24 /MIC ratios associated with optimal kill due to strain-by-strain variation (44) . Incorporation of this variability led to identification of susceptibility breakpoints which were lower than those obtained from a single exposure estimate. If this is true for M. tuberculosis, then the critical concentrations would be even more dramatically lower than our calculations. Similarly, exposures associated with different measures of kill, such as EC 95 and EC 99 , have been proposed by some for use in susceptibility breakpoint determination. These create a higher hurdle for the drug to achieve and would result in even more dramatically lower breakpoints than those proposed in this paper. Finally, it could be argued that the proposed breakpoints are merely preliminary. This could be conceded. It is envisioned that each of these concentrations will be examined in clinical isolates from large numbers of TB patients who have undergone treatment and either succeeded or failed therapy. However, the currently recommended standards are no less preliminary. In general, epidemiological cutoff values (such as the 95% cutoff point in MIC distribution) are best used as an epidemiological tool to detect changes in drug resistance rates but are poorly configured to detect resistance in each patient and to individualize therapy (23) . Thus, it is not surprising that studies on how well the standard critical concentrations of isoniazid predict clinical outcomes such as relapse have been contradictory (12, 46, 47) . It has been argued persuasively that breakpoints identified using the older, "standard" approaches, especially those that utilize measures of central tendency of drug concentration (e.g., mean peak concentration), may actually foster bacterial drug resistance development and are thus detrimental (23) . On the other hand, based on the approach utilized in this paper, VOL. 54, 2010 NEW SUSCEPTIBILITY BREAKPOINTS FOR ANTI-TB DRUGS 1489 new anti-TB compounds currently being developed and in phase II studies will have the possibility of breakpoints being determined early in the process and then prospectively validated in subsequent phase III clinical trials.
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